Silent information regulator-2 (SIR2) proteins regulate lifespan of diverse organisms, but their distribution and roles in the CNS remain unclear. Here, we show that sirtuin 2 (SIRT2), a mammalian SIR2 homolog, is an oligodendroglial cytoplasmic protein and localized to the outer and juxtanodal loops in the myelin sheath. Among cytoplasmic proteins of OLN-93 oligodendrocytes, ␣-tubulin was the main substrate of SIRT2 deacetylase. In cultured primary oligodendrocyte precursors (OLPs), SIRT2 emergence accompanied elevated ␣-tubulin acetylation and OLP differentiation into the prematurity stage. Small interfering RNA knockdown of SIRT2 increased the ␣-tubulin acetylation, myelin basic protein expression, and cell arbor complexity of OLPs. SIRT2 overexpression had the opposite effects, and counteracted the cell arborization-promoting effect of overexpressed juxtanodin. SIRT2 mutation concomitantly reduced its deacetylase activity and its impeding effect on OLP arborization. These results demonstrated a counterbalancing role of SIRT2 against a facilitatory effect of tubulin acetylation on oligodendroglial differentiation. Selective SIRT2 availability to oligodendroglia may have important implications for myelinogenesis, myelin-axon interaction, and brain aging.
Introduction
Yeast silent information regulator 2 (SIR2) protein regulates transcription silencing at ribosomal DNA, HM mating type loci, and telomeres (Shore et al., 1984; Schnell and Rine, 1986; Smith and Boeke, 1997; Imai et al., 2000) . It suppresses the generation of toxic extrachromosomal DNA circles, and mediates the lifespan extension by calorie restriction (Sinclair and Guarente, 1997; Lin et al., 2002) . In Caenorhabditis elegans, acquisition of an additional copy of Sir2.1 gene similarly results in long lifespan beyond the wild-type range (Tissenbaum and Guarente, 2001) . In mammals, SIR2 is represented by seven homologs (named sirtuins), among which sirtuin 1 (SIRT1) has been shown to be related with calorie restriction-induced antiaging effects in rodents and in cultured human cells (Cohen et al., 2004; Picard et al., 2004) . Apart from histones, studies have identified nonhistone substrates and corresponding functions of sirtuins. SIRT1 deacetylates p53 tumor suppressor protein to promote cell survival (Luo et al., 2001; Vaziri et al., 2001) . It may also bind other transcription factors such as Ku70, NF-B (nuclear factor-B), FOXO (Forkhead box class O), and HIC1 (hypermethylated in cancer 1) to repress expression of other genes or itself (Cohen et al., 2004; Motta et al., 2004; Yeung et al., 2004; Chen et al., 2005) . Furthermore, SIRT1 is capable to repress terminal differentiation of myocytes (Fulco et al., 2003) . SIRT2 has been shown to deacetylate ␣-tubulin and control mitotic exit of cell cycles (Dryden et al., 2003; North et al., 2003) .
Several lines of evidences have suggested the importance of sirtuins in the CNS. Studies have implicated histone deacetylases (HDACs), to which SIR2 belongs (Gray and Ekstrom, 2001) , in regulating neural/glial development and axonal degeneration. Inhibition of class I and class II HDACs not only induced adult neural progenitors to differentiate toward neurons as opposed to a fate toward glia (Hsieh et al., 2004) , but also delayed oligodendrocyte (OL) lineage progression (Marin-Husstege et al., 2002; Shen et al., 2005) . As in the other systems, HDACs may also participate in the formation of transcriptional complexes to regulate neuronal or glial differentiation (Ballas et al., 2001) . Moreover, SIRT1 seems involved in the delayed Wallerian degeneration in the peripheral nervous system of C57BL/Wld s mouse (Araki et al., 2004; Wang et al., 2005) . More recently, proteomic studies have revealed the presences of SIRT2 in myelin sheath (Vanrobaeys et al., 2005; Roth et al., 2006) . However, the exact distribution and functional roles of SIR2 in the CNS are still mostly unexplored.
In the present study, we aimed at mapping SIRT2 expression, deciphering its possible roles, and elucidating the molecular mechanisms underlying its effects in the rat CNS. Our results indicated that SIRT2 was an oligodendroglial protein. It impeded oligodendroglial differentiation through its tubulin deacetylation activity and might function to prevent overdifferentiation or early aging of the cells. Preliminary results of the present study have been reported previously in abstract form (Cao et al., 2004) .
Materials and Methods
Cloning, in vitro expression, and small interfering RNA knockdown of rat SIRT2. For details, refer to the study by Zhang et al. (2005) . Briefly, cDNA clones from a rat brain cDNA library (Invitrogen, Carlsbad, CA) were sequenced and analyzed by Blast searches (Altschul et al., 1997) . Digoxigenin-labeled cRNA probes were synthesized by in vitro transcription against 274 unannotated cDNA sequences, and used for in situ hybridization histochemistry (ISH) on CNS histological sections. Sirt2 was identified for additional characterization because of the predominant expression of the mRNA in neuroglial cells.
The nucleotides 625-1053 of rat Sirt2 open reading frame (ORF), encoding a C-terminal SIRT2 fragment (SIRT2c) was amplified by PCR and subcloned into pET41a (Novagen, Madison, WI) for in vitro expression. The GST-SIRT2c fusion protein was glutathione S-transferase (GST) affinity purified and used to immunize adult New Zealand White rabbits (n ϭ 2) for the generation of anti-SIRT2 polyclonal antibody. For expression in mammalian cells, ORF sequence of Sirt2 cDNA was amplified by PCR and cloned into pXJ40 (Manser et al., 1997) or pEGFP-C1 (Clontech, Palo Alto, CA), creating pXJ-Sirt2 and pEGFP-Sirt2, respectively. Point mutations at SIRT2 amino acid residue 131 (N131A), 133 (D133A), 150 (H150Y), were generated with Genetailor site-directed mutagenesis kit (Invitrogen).
Three small interfering RNA (siRNA) duplexes against rat SIRT2 (NM_001008368) at nucleotides 518 -540, 1390 -1412, and 1927-1949 were commercially synthesized (1stBase, Singapore). Transfection reagents were used for introducing the mammalian cell expression plasmids and siRNAs into cultured oligodendrocytes (see below). siRNAs for HDAC6 (nucleotides 128 -150; accession number XM_228753) and juxtanodin (JN) (nucleotides 3235-3257; accession number DQ119821), both of which showed no expression in oligodendrocyte precursors (OLPs) of the present differentiation stages, were used as controls.
Antibodies. For purifying the rabbit anti-SIRT2 polyclonal antibody, the GST-SIRT2c recombinant protein was firstly resolved by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (PerkinElmer, Boston, MA). Then, the membrane slices that contained the recombinant protein were excised, minced, and used for affinity purification of anti-SIRT2 antibody.
Anti-acetylated ␣-tubulin 6-11B-1 [immunocytochemistry (ICC), 1:1000; immunoblotting (IB), 1:2000], anti-␣-tubulin B-5-1-2 (ICC, 1:1000; IB, 1:2000), anti-FLAG (ICC, 1:1000; IB, 1:2000), anti-␤-actin (IB, 1:5000), anti-pan-sodium channel (NavP) (ICC, 1:200) , and antineurofilament 200 (NF200) (ICC, 1:1000) were all purchased from Sigma (St. Louis, MO). Anti-pan-actin C4 (IB, 1:2000) , anti-myelin basic protein (MBP) (ICC, 1:200) , and anti-glial fibrillary acidic protein (GFAP) (ICC, 1:200) were obtained from Chemicon (Temecula, CA). Other primary antibodies included anti-3Ј-cyclic nucleotide-3Ј-phosphodiesterase (CNP) (ICC, 1:200; IB, 1:400; US Biological, Swampscott, MA), anti-OX42 (ICC, 1:50; Harlan Sera-Lab, Sussex, UK), antipotassium channel Kv1.2 (ICC, 1:300; Upstate Biotech, Charlottesville, VA), anti-enhanced green fluorescent protein (EGFP) (ICC, 1:500; IB, 1:1000; Invitrogen), anti-lysine-14-acetylated histone H3 (IB, 1:1000; Upstate Biotech), anti-lysine-16-acetylated histone H4 (IB, 1:1000; Serotec, Oxford, UK), and anti-acetylated lysine antibody (IB, 1:250; Santa Cruz Biotechnology, Santa Cruz, CA). Secondary antibodies comprised goat anti-rabbit and/or -mouse IgG conjugated to alkaline phosphatase (Chemicon) or biotin (Vector Laboratories, Burlingame, CA), and Alexa Fluor 488-or 568-conjugated goat anti-rabbit or -mouse IgG or IgM antibodies (Invitrogen).
Experimental animals. All animal used in this study were approved by the Institutional Animal Care and Use Committee at the National University of Singapore. For antibody generation, two New Zealand White rabbits were injected with antigen every 2 weeks (described above). Ten days after the sixth injection, blood was withdrawn from the rabbits under anesthesia (ketamine, 35 mg, and xylazine, 5 mg/kg of body weight). Killing was then performed by intracardiac injection of Nembutal (100 mg/kg). For histology, adult Wistar rats were anesthetized and killed with Nembutal (100 mg/kg of body weight), and subsequently perfused with saline and 3% paraformaldehyde (or 4% for immunoelectron microscopy). Brain sections of the CNS were then prepared on a cryostat (for light microscopy) or vibratome (for immunoelectron microscopy). For Western blots or primary cell culture, the animals were anesthetized and killed with Nembutal (100 mg/kg of body weight), and their CNS or cerebra were dissected for extracting total protein or primary OLP cells. Western blotting, immunoprecipitation, and in vitro tubulin deacetylase assay. For Western blotting, samples were resolved by SDS-PAGE and transferred to PVDF membranes (PerkinElmer). After being blocked by nonfat milk (Bio-Rad, Hercules, CA), membranes were probed with designated primary antibodies at room temperature overnight. The membrane was then washed and incubated with alkaline phosphataseconjugated secondary antibody. Immunodetection was performed using CDP-Star chemiluminescence reagent (Roche, Basel, Switzerland). For immunoprecipitation, 2 mg of transfected OLN-93 cell lysate, generated using M-PER Mammalian Protein Extraction Reagent (Pierce, Rockford, IL) supplemented with protease inhibitor mixture (Pierce), was first precleared with 30 l of protein A-agarose (Amersham Biosciences, Piscataway, NJ) at 4°C for 3 h. The supernatant after that was collected and incubated sequentially with 6 g of anti-EGFP for 8 h at 4°C and 50 l of protein A-agarose for 4 h at 4°C. The immunoprecipitates were finally collected by centrifugation. For in vitro ␣-tubulin deacetylase assay, refer to the study by North et al. (2003) . Briefly, we resuspended the immunoprecipitate as described above in 150 l of deacetylase buffer (50 mM Tris-HCl, pH 9.0, 4 mM MgCl 2 , and 0.2 mM DTT) and divided it into portions of 50 l each to which 40 g of OLN-93 cell lysate was added together with nicotinamide adenosine dinucleotide (NAD) and/or nicotinamide (NAM). After incubation for 2 h at room temperature, reactions were terminated by adding SDS-PAGE sample buffer.
Cell cultures and siRNA or plasmid transfection. Isolation and culture of primary OLPs followed previous protocols (McCarthy and de Vellis, 1980; Armstrong, 1998) . Briefly, cerebra of 1-to 2-d-old Wistar rats were dissected and minced, and the dissociated cell suspension was cultured for ϳ10 d in DMEM (Sigma) plus 10% FCS, 1 mM sodium pyruvate, and 25 g/ml gentamicin before immature OLPs were isolated by shaking and selective detachment. The OLPs were then maintained proliferating for 1-3 d in DMEM plus sodium pyruvate (1 mM), gentamicin (25 g/ ml), insulin (5 g/ml), transferrin (5 g/ml), selenium (30 nM), glutamine (2 mM), T4 (thyroxine) (0.4 g/ml), T3 (triiodothyronine) (0.3 g/ml), FCS (0.5%), PDGF (platelet-derived growth factor) (10 ng/ml; Sigma), and bFGF (basic fibroblast growth factor) (10 ng/ml; Invitrogen). One to 6 d before transfection or fixation for immunocytochemistry, the mitogens were withdrawn from the medium to allow the cells to differentiate on poly-D-lysine (10 g/ml; Sigma) coated Thermanox pretreated coverslips (Nunc, Roskilde, Denmark) in the culture plates. OLN-93 cells were grown in DMEM supplemented with 10% FCS.
The primary OLPs and OLN-93 cells were transfected using Effectene Transfection Reagent (Qiagen, Hilden, Germany) or Lipofectamine RNAiMax (Invitrogen) as instructed by the manufacturers. NAM or NAD (Sigma) was added at the indicated concentrations. Forty-eight hours after transfection, cells were harvested and lysed for Western blotting by M-PER Mammalian Protein Extraction Reagent (Pierce), or fixed with 3% paraformaldehyde for immunocytochemistry.
Immunocytochemistry, double labeling, and immunoelectron microscopy. For details, refer to the studies by Liang et al. (2000) and Zhang et al. (2005) . Briefly, for in situ hybridization histochemistry, in vitrotranscribed digoxigenin-labeled cRNA probe was generated using the same Sirt2 cDNA (as template) as for antibody development (nucleotides 625-1053 of the open reading frame). It was hybridized to histological sections of rat CNS at 0.6 g/ml concentration for overnight at 62°C. The hybridization signals were finally detected by alkaline phosphatase-conjugated antidigoxigenin antibody and the NBT (nitroblue tetrazolium)-BCIP (5-bromo-4-chloro-3Ј-indolylphosphate) reaction. For immunofluorescence double/triple labeling, histological sections of the rat CNS or fixed cells were washed with PBS and preincubated with PBS-T-NGS (0.1 M PBS, 0.3% Triton X-100, and 6% normal goat serum) to block nonspecific binding. Primary antibodies were then added for overnight incubation at room temperature. Secondary antibodies conjugated with either Alexa Fluor 488 or 568 were used for detecting the primary antibodies. For immunoperoxidase (avidin-biotin peroxidase method) and immunoelectron microscopy, refer to protocols described previously (Liang et al., 2000; Zhang et al., 2005) .
Data analyses. All data were verified by at least two repeats of the experiments. Immunofluorescence microscopic results were analyzed using a laser-scanning confocal microscope (Olympus Fluoview FV1000, Olympus, Tokyo, Japan). Western films were scanned by GS-710 Calibrated Imaging Densitometer (Bio-Rad), and the band density was calculated by multiplying the mean OD (after subtracting background) with the band area (in square millimeters) using Quantity-One (version 3.1; BioRad) software. Relative expression abundance was calculated by dividing the ODs of SIRT2 or CNP bands by corresponding ␤-actin bands of the same developmental stage.
For complexity analyses, OLPs or OLN93 cells were classified as simple if they only had one to three primary processes, as intermediate if they had over three straight radial primary branches with small secondary processes, as complex if many tertiary and additional branches emerged, and as highly complex if the distal processes became wooly or fused to form lamellopodia around the cell bodies (see examples in Results) (Marin-Husstege et al., 2002) . For semiquantitative analyses of SIRT2, CNP, or acetylated ␣-tubulin (AcTub) levels in differentiating OLPs (see Fig. 6 ), "-" denotes undetectable signals (for SIRT2 or CNP) and "BL" denotes basic-level expression (for AcTub); "ϩ" indicates clear expression (for SIRT2 or CNP) or elevation (for AcTub) of signals mainly in the cell bodies; "ϩϩ" refers to expression (for SIRT2 or CNP) or increase (for AcTub) of signals in both cell bodies and processes; "ϩϩϩ" stands for high levels of expression throughout the cell.
Results

Molecular features and developmental expression profile of SIRT2 in rat CNS
The rat Sirt2 mRNA contained an open reading frame encoding a 351 aa protein. On Western blots, an in-house produced, affinitypurified anti-SIRT2 antibody detected a doublet band of ϳ37 kDa in adult rat brain protein samples ( Fig. 1 A, lane 4), whereas preimmunization serum could not reveal immunoreactivity at this position ( Fig. 1 A, lane 3) . The antibody also bound the recombinant GST-SIRT2c fusion protein, so did a commercial GST antibody ( Fig. 1 A, lanes 1 and 2). To further determine the specificity of the antibody, we inserted Sirt2 open reading frame into pEGFP-C1 mammalian expression vector (Clontech). OLN-93 (a rat oligodendrocyte cell line) (Richter-Landsberg and Heinrich, 1996) cells transfected with the pEGFP-Sirt2 were lysed, immunoprecipitated using anti-EGFP antibody, and then subjected to immunoblots. The band for the recombinant EGFP-SIRT2 emerged at ϳ66 kDa, as detected by either anti-SIRT2 or anti-EGFP antibody ( Fig. 1 B, lanes 2 and 3) . In the lysate of OLN-93 transfected with empty pEGFP-C1 vector, EGFP was precipitated and migrated to ϳ29 kDa ( Fig. 1 B, lane 1 ). In contrast, irrelevant IgG (anti-FLAG M2; Sigma) cannot precipitate the recombinant protein ( Fig. 1 B) . Together, the antibody proved adequately specific for additional experiments.
On multitissue Western blots probed with the above anti-SIRT2 antibody, the 37 kDa SIRT2 doublet band was detected in brain protein sample, but not in that of the heart, liver, spleen, lung, kidney, testis, or skeletal muscle, although a weak 41 kDa band (white arrow), which we presumed to be a SIRT2 splicing variant, was seen in testis protein lysate (Fig. 1C) .
To investigate the developmental expression of SIRT2, protein samples of the cerebra, cerebella, and cervical spinal cords of rats aged 0, 3, 7, 10, 14, 21, 28, and 60 postnatal days were subjected to IB. In the cerebrum, the 37 kDa SIRT2 was marginal at postnatal day 7 (PD7), clearly visible at PD10, increased sharply at PD14, and approximated adult level at PD21 (Fig. 1 D) . In both cervical spinal cord and cerebellum, the signal appeared at PD3, but higher abundance and earlier approximation to adult level (PD10) was detected in spinal cord (Fig. 1E,F) . In comparison, immunoblotting signals for the 42 kDa CNP emerged at approximately the same time as SIRT2 in all the three CNS regions, and cofluctuated with those of SIRT2 along the various postnatal ages ( Fig. 1D-I ).
SIRT2 is a cytoplasmic protein of oligodendroglia and myelin
As detected by ISH using a digoxigenin-labeled cRNA probe, Sirt2 mRNA-positive signals were seen throughout most CNS regions. Positive cell bodies in the gray matter were typically dispersed, round-shaped, and of relatively small sizes, whereas those in the white matter were more variable in morphology (Fig. 2 A-D) . Some proximal processes extending from the positive cell bodies, especially in such CNS areas as the cerebellar and cerebral cortices, also contained Sirt2 mRNA (Fig. 2 A, B) .
ICC with the in-house anti-SIRT2 antibody revealed mostly cellular processes and structures along axons or axon bundles throughout the CNS. Relatively few cell bodies of relatively small sizes showed SIRT2 immunoreactivity (Fig. 2 E, F ) . In the cerebral cortex, SIRT2 immunoreactivity increased gradually from superficial to deep layers and to the subcortical white matter (Fig.  2 F) . In the cerebellar cortex, SIRT2 immunoreactivity was abundant in the granule and Purkinje cell layers. The molecular layer, however, was mostly devoid of SIRT2 signals with the exception of a few scattered cells and related processes near the Purkinje cell layer (Fig. 2 E) . Double immunofluorescence established that SIRT2 expression in the CNS was primarily confined to oligodendrocytes. Colocalization between SIRT2 and CNP, a well characterized oligodendrocyte marker in the CNS, was seen in all CNS regions examined ( Fig. 3A-D) . Figure 3A shows the cerebellar cortex where SIRT2 immunoreactive signals overlapped those of CNP in the oligodendroglial processes, along myelinated axons in the Purkinje cell and granule cell layers, and in the subcortical white matter. The CNP-positive perikarya of oligodendrocytes, however, were frequently devoid of detectable SIRT2 (Fig. 3A) . Similar colocalization of SIRT2 and CNP in oligodendroglial processes/along myelinated axons, and absence of SIRT2 in the oligodendrocytic cell bodies were found in, among others, the caudate nucleus and in the gray and white matters of cervical spinal cord (Fig. 3B-D) . This phenomenon may suggest the main functional site of SIRT2 in oligodendroglial processes rather than in cell bodies. Double labeling against SIRT2 and MBPs, another type of marker proteins for oligodendroglia and myelin sheath, confirmed the above findings (Fig. 3 I, J ) . SIRT2 was not detected in astrocytes marked by GFAP, in microglia marked by OX42, nor in neurons marked by NF200 (Fig. 3E-H ) .
Under high magnification, in certain axon bundles near the pia surface of cross-sectioned cervical spinal white matter, SIRT2-positive profiles, similar to those of CNP labeling, were observed in concentric double rings around the NF200-positive neuronal axons. The inner ring often seemed in contact with the centrally positioned axons, and was separated from the outer ring by a SIRT2-negative zone. Careful comparison with SIRT2 immunoelectron microscopic data (see below) suggested that the concentric rings most possibly corresponded to the cytoplasmcontaining innermost and outermost layers of myelin sheaths, respectively (Fig. 3C,G) . In most other axon bundles of cervical spinal cord, SIRT2 signals could be seen around the NF200-positive axons but mostly did not directly contact or overlap the latter (Fig. 3C,G) .
On longitudinal sections of cervical spinal white matter, as revealed by multiple immunofluorescence, SIRT2 was frequently found enriched in the juxtanodal and paranodal regions in between the sodium channel-clustered node of Ranvier and the potassium channel Kv1.2-enriched juxtaparanodal domain (Fig.  3 K, L) .
Under electron microscope, SIRT2 immunoreactivity was mainly found in the cytoplasm-containing noncompact portions of myelin sheaths such as the abaxonal (outer) layer (Fig. 4 A, D) , the juxtanodal/paranodal terminal loops (Fig. 4 B, C, E, F ) , and in processes of oligodendroglia. Electron-dense immunoreactive products were also occasionally found in the perikaryal cytoplasm, but only rarely in the marginal heterochromatin areas of oligodendrocytic nucleus (Fig. 4 A) . No SIRT2 was detected in the compact laminas of myelin sheath, and no association of the signals with cytoplasmic organelles could be unequivocally established.
␣-Tubulin was the main cytoplasmic substrate of NAD-dependent SIRT2 deacetylase Western blot analysis showed no endogenous SIRT2 expression in OLN-93 rat oligodendroglia cell line (Figs. 1 A, lane 5 ; 5A, lanes 1-3). To identify candidate SIRT2 substrates in oligodendrocyte cytoplasm, the lysate supernatant (containing mainly cytoplasmic proteins) of pXJ-Sirt2 transfected OLN-93 cells was subjected to Western blots probed with an anti-acetylated-lysine antibody (AKL5C1) (Matsuyama et al., 2002) or a mouse monoclonal antibody specific to lysine 40-acetylated ␣-tubulin (6-11B-1) (Piperno et al., 1987) . The former antibody revealed a predominant positive band at 52 kDa. This signal was presumed to be acetylated ␣-tubulin because (1) anti-acetylated ␣-tubulin detected a single band at exactly the same position, (2) in com- parison with normal OLN-93 cell lysate, the lysate with overexpressed FLAG-SIRT2 showed significantly decreased levels of both the acetylated lysine (48% reduction compared with control) and acetylated ␣-tubulin (57% reduction compared with control) immunoreactivities. Levels of total ␣-tubulin were not affected by FLAG-SIRT2 overexpression (Fig. 5B) . The anti-acetylated lysine antibody also stained two other bands in OLN-93 immunoblots, but in comparison with acetylated ␣-tubulin these signals were much weaker, and seemingly not much influenced by overexpression of FLAG-SIRT2 (Fig. 5B) .
In addition to using ␣-tubulin as its substrate, SIRT2 also deacetylates histones in vitro and in vivo (North et al., 2003; Vaquero et al., 2006) . We next tested whether histone acetylation levels in the transfected cells were altered. In addition to the supernatant portion mentioned above, the pellet of the cell lysate in which most nuclear proteins existed was also subjected to Western blots. As shown in Figure 5C , almost all the recombinant FLAG-SIRT2 was found in the supernatant portion. In the presence of FLAG-SIRT2 rather than FLAG-SIRT2N131A, ␣-tubulin was obviously deacetylated in the cytoplasm. Conversely, the acetylation levels of the histone H3 lysine 14 and histone H4 lysine 16 (North et al., 2003; Vaquero et al., 2006) were not significantly changed (Fig. 5C ). These results suggested that the main substrate for SIRT2 was ␣-tubulin in the cytoplasm of OLN-93 cells.
To further determine the ␣-tubulin deacetylase activity of rat SIRT2, EGFP-SIRT2 or its point-mutated forms were overexpressed in OLN-93 cells, immunoprecipitated by EGFP antibody, and used as enzymes to treat untransfected normal OLN-93 cell lysate as a substrate. Western blots were finally used to semiquantitatively assess the tubulin deacetylase activity of the immunoprecipitates. The results showed that, in the presence of NAD (1 mM), the addition of immunoprecipitated EGFP-SIRT2, rather than EGFP, caused a significant decrease of acetylated ␣-tubulin in the cell lysate (Fig. 5A, lane 8) . The EGFP-SIRT2 did not influence the level of total ␣-tubulin, and its tubulin deacetylase activity was abolished when NAD was removed or sufficient NAM (5 mM) was added into the system (Fig. 5A, lanes 7 and 9) . Point-mutated SIRT2 s, in which aspartic acid-133 of SIRT2 was replaced by alanine (SIRT2D133A) or histidine-150 by tyrosine (SIRT2H150Y) (Finnin et al., 2001) , showed significantly diminished deacetylase activity (Fig. 5A , lanes 5 and 6). SIRT2N131A (replacement of asparagine-131 by alanine) exhibited similar reduction of deacetylase activity (data not shown). These results indicated that SIRT2 could deacetylate ␣-tubulin in an NAD-dependent manner.
Association among SIRT2 expression, tubulin acetylation levels, and oligodendrocyte maturation in culture
We next investigated the relationships between SIRT2 expression, tubulin acetylation, and development of oligodendroglia in cultured primary OLPs extracted from postnatal day 1-2 rat cerebra. After 3-4 d of differentiation, many of the OLPs started to express SIRT2. Surprisingly, abundance of endogenous SIRT2 expression was positively correlated with ␣-tubulin acetylation levels in the same cells. Subcellular distribution of acetylated ␣-tubulin and SIRT2 also mostly overlapped. More importantly, the process arbors of SIRT2-positive and high-AcTub primary OLPs were clearly more complex in morphology than those of the surrounding SIRT2-negative and base-level-AcTub cells. Pri- mary and secondary processes of the former were often tortuous along the way and enlarged at the distal end from where many finer processes originated. In contrast, processes of the SIRT2-negative OLPs often radiated out straight from the cell bodies, and gave rise to relatively fewer additional branches (Fig. 6 D-F ) . Levels of total ␣-tubulin, however, were not closely correlated with SIRT2 expression (Fig. 6G-I ) .
Additional double immunofluorescent stainings proved that the concurrent SIRT2 emergence, ␣-tubulin acetylation increase, and typical morphological changes of cultured primary OLPs marked the entry of oligodendrocyte differentiation into the prematurity stage (Barry et al., 1996; Armstrong, 1998; Baumann and Pham-Dinh, 2001; Woodruff et al., 2001 ). All cells positive for SIRT2 became immunoreactive for the oligodendroglial functional protein CNP as well, whereas those lacking SIRT2 remained negative for CNP. The two enzymes showed overall covariation in levels, and colocalization at subcellular domains (Fig.  6 A-C) . Semiquantitative analyses indicated close correlations among levels of SIRT2, AcTub, and CNP and progression of OLP arbor differentiation (Fig. 6 J-L) .
The raised ␣-tubulin acetylation levels despite the appearance of SIRT2 tubulin deacetylase activities in the prematuritystage oligodendrocytes seemed paradoxical. We hypothesized that the heightened ␣-tubulin acetylation (possibly because of activities of certain acetyltransferases) and CNP activity promoted OLP differentiation. The concurrent SIRT2 increase functioned as a counterbalance to prevent uncontrolled tubulin acetylation, to offset overdifferentiation, and to avoid premature myelination in the CNS. To test this hypothesis, the following overexpression and siRNA knockdown experiments were performed.
SIRT2 transfection lowered ␣-tubulin acetylation levels and inhibited OLP differentiation
Two days after Sirt2 transfection, primary OLP cells (in their third or fourth day of differentiation) showed retarded morphological differentiation (Fig. 7 A, C, F, G) and marked decreases in ␣-tubulin acetylation levels (Fig. 7A) . Many of the transfected cells expressed considerable levels of intrinsic CNP, but failed to assume the typical morphology of the normally CNPpositive prematurity-stage oligodendrocytes (Fig. 6 F) . Process arbors of these cells still appeared relatively immature, much like those of earlier-stage cells (Fig.  7 A, C, F, G) . In contrast, morphologies of cells expressing EGFP only or FLAGjuxtanodin 141 (FLAG-JN141) appeared to be highly complicated, similar to untransfected neighboring cells (Fig. 7 D, E,H ) . Overall, at the end of the 3-4 d differentiation, the OLP cells untransfected or transfected with control plasmids exhibited mostly intermediate or complex morphology, whereas the majority of the OLPs transfected by Sirt2 were simple or intermediate in cell arbor complexity (for criteria, see Materials and Methods). In comparison to the JN141 transfected controls, for example, the percentage of simple cells increased by threefold in the pXJ-Sirt2 transfected group, whereas those with complex morphology dropped from 53.6 to 34.9% (Fig. 7I ) (average of three experiments; n Ͼ 300 cells for all groups). To test whether the deacetylase activity of SIRT2 is essential for its inhibitory effect on OL arborization, SIRT2H150Y (which mostly lost deacetylase activity) (Fig. 5A ) (Finnin et al., 2001 ) was used to transfect OLP cells. The results showed that the deacetylase activity loss of SIRT2H150Y almost completely abolished the inhibitory effect of wild-type SIRT2 on OL arbor complexity (Fig. 7 B, I ). Transfection of another deacetylase-inactive mutant of SIRT2, SIRT2N131A, gave rise to similar results (Fig. 7I ) .
To further determine the effects of SIRT2, we cotransfected OLN-93 cells with both pEGFP-Sirt2 and pXJjuxtanodin. Consistent with our previous study , cells overexpressing FLAG-tagged JN alone showed marked increases in the process arbor complexity (43.1% complex; 25.6% simple) (Fig. 7 K, P) . In contrast, cells overexpressing both FLAG-JN and EGFP-SIRT2 showed remarkably less developed branches or only rounded-up cell bodies (13.1% complex; 50.0% simple) (Fig.  7 L, P) , much similar to cells overexpressing only SIRT2 (Fig. 7 J, P) . The simultaneous overexpression of SIRT2N131A or EGFP together with JN did not significantly counteract the arborizationpromoting effect of the latter (Fig.  7 M, N,P) . Addition of 5 mM nicotinamide to the JN-SIRT2 cotransfected culture partly blocked the arborization-inhibiting effect of SIRT2 (Fig. 7O,P) .
Overall, the simplification of cell morphology and the decrease of ␣-tubulin acetylation in the SIRT2-transfected primary OLP cells contrasted strongly with OLPs expressing endogenous SIRT2. Together with data from the cotransfection experiments, these results supported the notion that SIRT2 decelerated oligodendroglial maturation through its tubulin deacetylase activity.
SIRT2 siRNA knockdown reduced tubulin deacetylation and accelerated OLP differentiation
To verify the above SIRT2 effects from a different angle, we used siRNAs to interfere with intrinsic SIRT2 expression in cultured primary OLPs starting at 2-4 d into their differentiation. Transfections by siRNAs for JN or HDAC6, both of which showed no detectable expression within the OLP differentiation time window under the present study (data not shown), served as controls.
All three Sirt2 siRNA duplexes depleted or lowered SIRT2 immunoreactivity in a majority of the cultured OLPs. The knockdown effect of the siRNA targeting Sirt2 nucleotides 518 -540 (NM_001008368) was nearly complete and lasted for at least 8 d. When examined 3-4 d into the knockdown, OLPs showed no obvious changes in the levels and distribution of CNP or MBPs, nor did the cells display marked alteration in their process arbors (Fig. 8 A-F ) . After 7-8 d of nullified/reduced Sirt2 expression by the siRNAs, however, significantly more OLPs in the experimental cultures adopted complex or highly complex morphologies, compared with JN/HDAC6 siRNA-treated or with siRNAomitted controls. Percentage of OLPs with simple morphologies, indicative of less differentiation, accordingly decreased in the experimental group (Fig. 8 I) . Accompanying the morphologically enhanced differentiation in the experimental group were the decreased deacetylation of tubulin and increased expression of an immature form of MBP at ϳ50 kDa (Ursell et al., 1995) . Immunoreactivities for CNP, total tubulin, or ␤-actin in the OLPs, as detected by Western blotting analyses, were not significantly altered by SIRT2 siRNAs (Fig. 8 J) . JN or HDAC6 siRNAs transfection gave rise to no significant influence on differentiation or gene expression of OLPs at the present developmental stage.
Discussion
The present article presents our findings of SIRT2 as an oligodendroglia-specific protein that exerted its negative control on oligodendroglial differentiation or aging through deacetylating microtubule cytoskeleton. These results revealed the connection between the highly conserved lifespan-extending SIR2 gene family and oligodendroglial development or CNS myelination, and will hopefully contribute to the understanding of brain aging and related demyelinating or neurodegenerative diseases.
Rat SIRT2 as a specific marker for oligodendrocytes
By means of ISH, immunohistochemistry, and double labeling, the present study identified SIRT2 as a member of the protein family that was preferentially expressed by oligodendrocytes. This result agrees with previous proteomic studies that have identified SIRT2 in the myelin sheath (Vanrobaeys et al., 2005 ; Roth et al., 2006). In comparison with various markers of developing and mature oligodendrocytes/myelin sheath, SIRT2 expression colocalized with that of CNP except in oligodendrocytic cell bodies where little SIRT2 was found. The two also covaried along the progression of oligodendrocyte development in vivo and in vitro. In this connection, it is noteworthy that CNP, like SIRT2, is also a tubulin-associated oligodendroglial protein in the CNS (Bifulco et al., 2002; Lee et al., 2005) .
Unlike the absence of SIRT2 in the majority of oligodendroglial perikarya in the adult CNS, clear SIRT2 signals were observed in the cell bodies of cultured primary OLPs. This dissimilarity in subcellular distribution of the protein most likely reflected differences between mature oligodendrocytes in the adult CNS and oligodendrocyte precursors in the culture.
SIRT2 as a differentiation inhibitor of oligodendroglia
Among others, cytoskeleton-associated oligodendroglial proteins such as CNP, juxtanodin, and mayven, have been recently reported to regulate oligodendrocytic process outgrowth, gene expression, and/or myelinaxon interaction (Jiang et al., 2005; Lee et al., 2005; Zhang et al., 2005) . The present results showed that SIRT2 is yet another member of the protein family, but functioned as a "braking" mechanism in oligodendroglial development. Overexpression of SIRT2 significantly inhibited the oligodendroglial arborization and tubulin acetylation, indicating retardation of the course of specialization of the cells, whereas siRNA knockdown of endogenous SIRT2 had the opposite effects. This inhibitory role of SIRT2 is further supported by our finding that overexpression of the protein counteracted the facilitatory effects of JN on arborization of OLN-93 oligodendrocyte cell line. Interestingly, SIRT1 has also been implicated in repressing myocyte differentiation (Fulco et al., 2003) .
Activity blockade of HDAC activities by trichostatin A (TSA) and valproic acid delays oligodendroglial differentiation (Marin-Husstege et al., 2002; Liu et al., 2003; Hsieh et al., 2004; Shen et al., 2005) . This was confirmed by our experiments (data not shown). Because SIRT2 is not inhibited by TSA (North et al., 2003 ; the present study), these results clearly indicate the involvement of other HDACs in regulating oligodendroglial differentiation. Interestingly, HDAC6, another known tubulin deacetylase, was coimmunoprecipitated with SIRT2 when overexpressed together with SIRT2 (Hubbert et al., 2002; North et al., 2003) .
Apart from regulating differentiation, the abundant SIRT2 immunoreactivity in adult oligodendrocytes (the present study) entails functional roles of the protein in the mature CNS. Under electron microscope, SIRT2 was mainly found in the noncompact outer and terminal loops of myelin sheath. This subcellular positioning and the tubulin deacetylation activity seemingly pointed to possible roles of the protein in subcytoarchitecture, molecular trafficking, or myelin-axon signaling of oligodendro- glia. Other cytoskeleton-related oligodendroglial proteins like CNP and juxtanodin have also been implicated in similar functions (Bifulco et al., 2002; Lappe-Siefke et al., 2003; Zhang et al., 2005) .
SIRT2, tubulin deacetylation, and oligodendroglial differentiation
The present results demonstrated functional roles of tubulin acetylation in maturation of oligodendroglia, as well as SIRT2-mediated tubulin deacetylation in decelerating the differentiation/aging of the cell. Our data indicated that SIRT2 action in oligodendrocytes was most likely mediated through tubulin deacetylation. First, as revealed by our in vivo and in culture results (Figs. 3, 4) , SIRT2 was primarily an oligodendroglial cytoplasmic protein mainly localized to the cellular processes and noncompact cytoplasmcontaining parts of myelin sheath, in agreement with previous data (Perrod et al., 2001; North et al., 2003; Vanrobaeys et al., 2005) . Second, SIRT2 was colocalized with acetylated ␣-tubulin in cultured primary OLPs. Third, SIRT2 mutants (SIRT2N131A and SIRT2H150Y) simultaneously diminished its tubulin deacetylase activity and its inhibition of OLP morphological differentiation, and siRNA knockdown of SIRT2 gave rise to similar effects. Finally, comparison of Western blotting results from the anti-acetylated lysine, anti-acetylated ␣-tubulin, and antiacetylated histones H3/H4 antibodies identified ␣-tubulin as the main substrate for SIRT2 among OLN-93 proteins (Fig.  5 B, C) . In comparison with histones, tubulin has been demonstrated as a preferred substrate of SIRT2 (North et al., 2003) . Our in vitro deacetylation test also indicated NAD-dependent tubulin deacetylase activity of SIRT2. Hence tubulin deacetylation through SIRT2 probably represented yet another important mechanism in the complex cytoskeletal control of oligodendrogenesis and myelinogenesis, in parallel to those mediated through other cytoskeleton-related proteins such as MAP2 (microtubuleassociated protein 2), Tau, CNP, and juxtanodin (LoPresti and Konat, 2001; Richter-Landsberg, 2001; Lee et al., 2005; .
It remains unclear how tubulin deacetylation by SIRT2 was translated into altered cytoplasmic extensions and delayed differentiation of oligodendrocytes. A plausible hypothesis might be that deacetylation lowered microtubule stability, reduced tubulin polymerization, increased depolymerization, or altered the binding of tubulin to associated proteins, as previously suggested in other cell types (Piperno et al., 1987; Robson and Burgoyne, 1989; Hubbert et al., 2002) .
SIRT2 has also been shown to interact with histones H3 and H4 (North et al., 2003; Vaquero et al., 2006) and transcription factor HoxA10 (Bae et al., 2004) . Our electron microscopic observation also found SIRT2, albeit at lower levels than in the cytoplasm, in the nuclei of a limited number of oligodendrocytes. It thus cannot be entirely ruled out that SIRT2 may use other cytoplasmic or nuclear proteins to exert its influence in oligodendroglia/myelin sheaths. It awaits future investigations to determine the circumstances/factors that govern the substrate selection (tubulin vs histones, for example) and subcellular distribution (cytoplasmic vs nuclear) of SIRT2. Interestingly, histone H4 has been shown a preferred substrate of SIRT2 during mitosis of other cell types (Vaquero et al., 2006) .
SIRT2, brain aging, and neurodegeneration?
The SIR2 protein family extends lifespan or slows down aging in various species/cell types ranging from yeast, Drosophila, and C. elegans to mouse and rat (Blander and Guarente, 2004) . In view of the antagonistic effects of SIRT2 on oligodendrocyte differentiation, the presence of the protein in the adult CNS could presumably help prevent overdifferentiation or premature senescence of oligodendrocytes or myelin sheaths. Alternatively, this negative influence of SIRT2 on oligodendroglial differentiation may help preserve an adequate pool of immature oligodendrocytes for re- myelination or CNS self-repair when needed. Indirectly, the SIRT2 effects on oligodendroglia and myelin could also presumably influence neuronal survival or aging. It is well documented that structural/functional abnormality of oligodendroglia or myelin sheath may cause axon degeneration or neuronal death (Bifulco et al., 2002) . Therefore, it could be intriguing to investigate CNS aging and neurodegeneration in relation to SIRT2 and to glia-neuron interaction.
